An initial solidification control technology, called the Electromagnetic Oscillation Method, intermittently applying high frequency magnetic field was developed aiming to reduce the friction between mold and initial solidified shell and to perform high speed casting for producing cast having excellent surface properties. According to the method, a high frequency magnetic field is applied synchronizing with the mold oscillation, applying a horizontal and inward electromagnetic force from outside the mold during the positive strip period, while applying a downward electromagnetic force from above the mold during the negative strip period. The method was investigated in terms of influence on the surface properties of cast and other variables by applying the method to laboratory scale continuous steel casting. The experiment was given by casting round billets having 100 mm in diameter at casting speeds of 0.5 to 1.6 mm/min, applying high frequency magnetic fields of 1 to 9.8 kHz. The flux film thickness in the mold increased by applying horizontal electromagnetic force during the positive strip period, and the surface properties of the cast improved. By applying downward electromagnetic force during the negative strip period, the strength of initial solidified shell increased to prevent the occurrence of breakout.
Introduction
Increase in the casting speed is required to improve the productivity of continuous casting process. Increased casting speed, however, decreases the inflow volume of mold flux to induce insufficient lubrication between the mold and the solidified shell. [1] [2] [3] [4] Furthermore, high speed casting reduces the time for negative strip, which tends to induce insufficient strength of the solidified shell 5) so that the current process should have a limit in increasing the casting speed. Consequently, further increase in the casting speed needs the increase in the lubrication between the mold and the solidified shell, and also needs the increase in the strength of initial solidified shell.
To solve these problems in continuous casting and to conduct high speed casting of defect-free cast, a technology for controlling initial solidification, which is called the electromagnetic oscillation method, was developed. The method intermittently applies high frequency magnetic field synchronously with the mold oscillation.
Miyoshino et al. 6) imposed the low frequency magnetic field continuously to control the initial solidification and observed increase of the mold flux inflow. The technology described in this paper is aiming at not only the increase of mold flux inflow but also the shell compression at the initial solidification as well, imposing high frequency electromagnetic field. These two factors are essential for high speed casting. The frequency of the magnetic field is also important to avoid the molten steel flow and to impose high magnetic pressure. Hence, high frequency magnetic field is chosen in this research rather than low frequency magnetic field. Figure 1 shows a conceptual drawing of the electromagnetic oscillation method. During the steel continuous casting process, a high frequency magnetic field generated from a coil located outside the mold is applied to the initial solidification section via a slit-mold to enhance the inflow of mold flux, and also to reduce the oscillation marks to diminish the surface irregularity. At the same time, a high frequency magnetic field generated from a separate coil located above the mold is applied to induce downward electromagnetic force against the initial solidification section to give compressive force to the section. As a result, the cast surface quality is improved, the inflow of mold flux is enhanced, and the operation of high speed casting is stabi-lized. In this manner, the high frequency magnetic fields generated from two stage coils are alternately applied synchronizing with the mold oscillation.
Electromagnetic Oscillation Method
During the positive strip period (hereinafter referred to as the PS period), a horizontal and downward electromagnetic force is applied from a coil located outside the mold (hereinafter referred to as the lower coil), to the initial solidified shell, thus bringing the mold and the initial solidified shell a soft contact state to each other to enhance the inflow of the mold flux between them. The action increases the thickness of flux film and improves the lubrication between the mold and the solidified shell. Since the increase in the flux thickness decreases the dynamic pressure applied to the front end of solidified shell under mold oscillation, the formation of oscillation marks should be decreased, 7) which oscillation marks are generated by bending the solidified shell inward during the negative strip period.
During the negative strip period (hereinafter referred to as the NS period), a vertical and downward electromagnetic force is applied from a coil located above the mold (hereinafter referred to as the upper coil), to give compressive force to the initial solidified shell, thus increasing the strength of the shell. The action should prevent fracture of weak initial solidified shell by supporting the effect of negative strip even when the negative strip time ratio cannot fully be secured as in the case of high speed casting.
Through the alternate and intermittent application of these two-directional electromagnetic forces, the lubrication between the mold and the solidified shell and the strength of the initial solidified shell are increased. Inflow of flux is presumably generated mainly during the PS period, 8, 9) and the compression of initial solidified shell is presumably generated mainly during the NS period. 2, 5) Therefore, the timing of actuating the lower coil and the upper coil should be synchronized with the mold oscillation.
These ideas are comprised from the concept that the mold oscillation has functions in terms of shell lubrication and compression. Thus, the technologies described in this paper are different from other methods such as the pulsative magnetic field imposition 10) or electromagnetic lubrication method. Figure 2 shows outline of the experimental apparatus. The specification of the experimental apparatus is shown in Table 1 . Molten steel is prepared in a 500 kg melting furnace, and is tapped to a ladle. The ladle is brought to a casting experimental apparatus and is placed on a tundish. By opening a stopper of the ladle, the molten steel is poured into the tundish and further to a mold. The quantity of molten steel poured into the mold is adjusted by the stopper. The mold is cold crucible type with inside-cooling by water. The mold has dimensions of 100 mm in inner diameter, 150 mm in outer diameter, and 300 mm in height, with slits in an upper 100 mm zone to divide the mold into 16 segments. The mold is placed on an oscillation plate, and is oscillated at arbitrary frequencies and amplitudes. A driving unit for oscillating the mold is equipped with a load cell to determine the friction force between the mold and the cast by measuring the oscillation load. A dummy bar is placed in the mold before starting the casting operation. When the level of molten steel reaches a predetermined position, the cast is taken out to start the casting.
11)

Experimental Apparatus and Method
Upper and lower coils are placed above and upper side of the mold, respectively. The upper coil has the dimensions of 80 mm in inner diameter, 160 mm in outer diameter, and 18 mm in height, and is positioned above the upper edge of the mold by 5 to 13 mm of distance. The lower coil has the dimensions of 210 mm in inner diameter, 290 mm in outer diameter, and 50 mm in height, and is positioned on outer side face of the slit section of upper part of the mold. To each coil, high frequency current is supplied from separate high frequency power source.
The molten steel casting experiment included alternate and intermittent application of magnetic field from the upper and lower two stage coils, and application only from the lower coil. The frequency of applied high frequency was 3 kHz for the application only from the lower coil. The frequency in the case of alternate and intermittent application from both coils was 3 kHz for the lower coil and 9.8 kHz for the upper coil to prevent mutual interference of magnetic field.
The mold oscillation was given by a sine-curve oscillation mode. To simulate the actual operating condition that induces oscillation marks, the mold oscillation was selected to assure 60 % or higher negative strip time ratio (hereinafter referred to as the NSR), per half cycle of mold oscillation. 12) That is, amplitude of Ϯ4 mm and oscillation of 40 cpm (NSRϭ66.9 %) for the case of 0.5 m/min of casting speed, and amplitude of Ϯ4 mm and oscillation of 120 cpm (NSRϭ85.1 %) for the case of 0.7 m/min of casting speed were selected. The main experimental conditions are shown in Table 2 .
Adding to the experiment described above, an experiment of applying magnetic field only from the upper coil was conducted to confirm the effect of the upper coil. In that case, the high frequency was set to 3 kHz, and the magnetic field was applied during the NS period to identify the compressive force against the initial solidified shell. The additional experiment was conducted under the condition that low-NSR period exists and that no NS period exists, both of which likely induce breakout, as shown in Table 3 , thus investigated the effect of the upper coil. The experimental condition was NSRϭ6.5 % with 1.0 m/min of casting speed, Ϯ4 mm of casting amplitude, and 40 cpm of oscillation, and no-existence of NS period with 1.6 m/min of casting speed, Ϯ4 mm of casting amplitude, and 60 cpm of oscillation.
For the case of magnetic field application, the magnetic field was applied only in the NS period. For the case that no NS period exists, however, the application of magnetic field was given, in the mold oscillation frequencies, only to a range of Ϯ30 % of the half cycle time centering on the time giving maximum mold descending speed. Other conditions were the same with those in above-described experiment.
For both experiments, casting was given to a middle carbon steel, using a mold flux having basicity C/S of 0.97 and viscosity of 3.0 poise.
Experimental Result
Effect of Magnetic Field Applied from Lower Coil
With the casts obtained by the experiments, the oscillation mark depth was determined in a range of from 150 to 200 mm length of the cast starting from the point at 10 s after entering a stable casting state with a constant casting speed. The result is given in Fig. 3 . The plot indicates average value of oscillation mark depth, and the upper end and the lower end of each bar indicate the maximum value and the minimum value, respectively. When the magnetic field was not applied (for the case that the anode current on horizontal axis was 0 A), deep oscillation marks appeared on the surface of the cast. For the cases of continuous application of magnetic field (᭹ mark), and of applying the magnetic field only during the PS period ( and marks), however, the depth of oscillation marks became shallow with the increase in the anode current, or the increase in the intensity of applied magnetic field, thus improved the surface properties of cast. For the case of applying magnetic field only during the PS period, the effect similar with that of continuous application was attained.
As for the effect of applying magnetic field from the lower coil, the effect of improving the lubrication between the mold and the solidified shell is expected as well as the effect of improving the surface properties of cast. To this point, we determined the mold oscillation load during continuous casting aiming at the evaluation of effect of magnetic field application on the friction force generated between the mold and the solidified shell. The mold oscillation load was measured by a load cell attached to a mold oscillation unit. Since the direction of load differed between the NS period and the PS period, the load was separately treated in each of the periods. Figure 4 shows the results of observed oscillation load during the NS period and the PS period for each case of: without applying magnetic field; continuous application of magnetic field at 130 A of anode current; applying magnetic field only during the PS period at 130 A of anode current; applying magnetic field only during the PS period at 180 A of anode current; and oscillating only the mold without applying load to the mold, or without conducting casting.
The mold oscillation load decreased with the application of magnetic field, and maximum about 60 % of reduction compared with the case of no magnetic field application was confirmed. The result suggests that the friction force between the mold and the solidified shell decreased by the application of high frequency magnetic field. Also for the application only during the PS period, the effect of reduction in the mold oscillation load was equal level with that of the continuous application of magnetic field.
Mold flux films were sampled from those left on the surface of cast and left in the vicinity of meniscus between mold and cast, and their thickness was determined. Figure  5 shows the observed results. The plot signifies the average film thickness, and the vertical axis signifies the standard deviation. For the case of without applying magnetic field, the flux film thickness was as small as 0.5 mm or less. By applying magnetic field, however, the flux film thickness increased by two to two and a half times, which suggests that the inflow of mold flux between the cast and the solidified shell increased.
As described above, it was revealed that the application of magnetic field from the lower coil improved the surface properties of cast, decreased the friction force between the mold and the solidified shell, and increased the inflow of mold flux, thus actualized the improved lubrication within the mold. In addition, it was found that even the case of application of magnetic field only during the PS period gave similar effect with the continuous application of magnetic field, which effect should play a main role in the phenomenon of mold flux inflow. In other words, application of magnetic field only during the PS period should give satisfactory effect of improving the surface properties of cast and the mold lubrication.
Effect of Magnetic Field Applied from Upper Coil
An investigation on the effect of magnetic field applied from the upper coil which is another element of the electromagnetic oscillation method was conducted. The upper coil applies vertical and downward electromagnetic force against the initial solidified shell. Accordingly, the upper coil is expected to give compressive force to the initial solidified shell which becomes weak along with the increase in the casting speed, thus to increase the strength of the shell.
During the NS period, compressive force is applied to the solidified shell, and presumably gives an effect of repairing the microscopic defects generated within the solidified shell induced by the tensile stress during the PS period. For the case of high speed casting, it is empirically known that the NSR value likely becomes small and that breakout likely occurs caused by the insufficient compressive force on the solidified shell. By compensating the insufficient compressive force with the magnetic field applied from the upper coil during the NS period, the occurrence of breakout should be prevented even in high speed casting.
The mold oscillation load during casting was determined. Figure 6 shows an example of the observed mold oscillation load for the case of without existing the NS period. When no magnetic field was applied (Fig. 6(a) ), there was observed a phenomenon that the oscillation load instantaneously and significantly fluctuated. Inspection of cast after casting revealed the existence of trace of breakout, and revealed that the time of occurrence of changes in oscillation load agrees with the time of existence of the observed breakout at the meniscus. For the case of magnetic field application from the upper coil (Fig. 6(b) ), no abnormal fluctuation of oscillation load was observed, and stable casting was attained.
Also for the case of NSRϭ6.5 %, there appeared slight melt-leak defects which become origin of breakout if no magnetic field was applied. For the case of application of magnetic field from the upper coil, however, no melt-leak defect appeared.
Consideration
The object of the electromagnetic oscillation method is to conduct high speed casting to produce high quality cast. In this regard, the discussion was given to find the upper limit of casting speed under application of the method on the basis of experimental results.
First, we evaluated the intramold lubrication by the consumption of mold flux, and investigated the limit of high speed casting under application of magnetic field from the lower coil. The consumption of mold flux was determined using the experimentally derived average thickness of mold flux film on the assumption that the mold flux film uniformly exists between the mold and the cast. On the other hand, there is an empirical formula, Eq. (1), for the consumption of mold flux. The constant k of Eq. (1) was determined from the casting condition and the consumption of mold flux of without applying magnetic field. With thus determined k value, the relation between the consumption of mold flux and the casting speed was derived. The values of the mold oscillation conditions used in the calculation were based on the mold oscillation conditions of commercial apparatuses. The derived consumption of mold flux for the case of without applying magnetic field is expressed by the curve x in Fig. 7 . If the lower limit of the consumption of mold flux for attaining stable casting is 0.3 kg/m 2 , the critical casting speed becomes 2.6 m/min, which almost agrees with the conventional findings. 2) Secondly, the constant k of Eq. (1) was determined from the consumption of mold flux for the cases of continuous application of high frequency magnetic field with 130 A of anode current, and of application only during the PS period with 180 A of anode current. Using thus determined k value, the relation between the consumption of mold flux and the casting speed was derived on the basis of oscillation conditions in commercial apparatuses. The result is expressed by the curve y in Fig. 7 . If the lower limit of the consumption of mold flux is 0.3 kg/m 2 , the critical casting speed becomes 10 m/min. As shown in the above-described discussion, the application of magnetic field from the lower coil increases the consumption of mold flux, and the critical casting speed significantly increases.
Generally, increase in the casting speed increases the surface flow speed of molten steel in the mold, which increases the possibility of inclusion of mold flux. 14, 15) To prevent the inclusion of mold flux, it is effective to increase the viscosity of mold flux. 16, 17) As shown in Eq. (1), however, increased viscosity of mold flux decreases the consumption of mold flux, so the high viscosity mold flux is difficult to be used in high speed casting. If, however, the viscosity of mold flux is changed from 3 to 10 poise, using the k value determined under the application of high frequency magnetic field, the relation between the consumption of mold flux and the casting speed becomes the curve z in Fig. 7 . For that case, the critical casting speed under the assumption of 0.3 kg/m 2 of the lower limit of the consumption of mold flux becomes 4.7 m/min. Consequently, the application of high frequency magnetic field should allow using a high viscosity mold flux that hardly induces inclusion of flux during high speed casting. Also for the breakout expected to occur in high speed casting, the electromagnetic oscillation method would be effective. Figure 8 shows the occurrence of breakout for the cases of: without applying magnetic field; and with intermittently applying magnetic field from the upper coil only during the NS period. For convenience, the result under the condition of no NS period existence is plotted on the line of NSRϭ0 %. In a range of 10 % or lower NSR, breakout occurred if no magnetic field was applied. However, the application of magnetic field from the upper coil surely prevented the occurrence of breakout in the same range.
Magnetic field imposition from the upper coil will be effective, when the casting speed is increased and the negative strip time ratio can not be chosen enough high values, caused by mold oscillation limit, mainly shortage of stiffness of casting machine structures.
Conclusion
The electromagnetic oscillation method was developed, which adopted two stage coils placed at above and side face of the mold to apply high frequency magnetic field to the mold alternately and intermittently from each coil at frequencies synchronous with the mold oscillation. The performance of the method was studied through the experiments of carbon steel casting. The experiments revealed the followings.
(1) Application of magnetic field from the lower coil significantly reduced the oscillation marks on cast to smoothen the surface of the cast. Furthermore, the application of magnetic field during the PS period gave satisfactory effect.
(2) Application of magnetic field increased the thickness of inflow of mold flux. If the casting speed is increased, the resulted insufficient lubrication might increase the frequency of breakout occurrence. Nevertheless, the application of magnetic field proved to prevent the increase in the frequency of breakout occurrence.
(3) By applying magnetic field from the upper coil, the effect of prevention of breakout was confirmed even at low negative strip time. The effect presumably comes from the effect of strength increase owing to the application of compressive force to the initial solidified shell.
(4) With the above-given effects, the electromagnetic oscillation method is expected as a means to simplify the mechanism of mold oscillation on increasing the speed of continuous casting. Fig. 8 . Occurrence of breakout for the cases of: without applying magnetic field; and with intermittently applying magnetic field from the upper coil only during the NS period.
